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E-mail address: ltong@aeromech.usyd.edu.au (L. TThis paper presents novel constituent equations for photostrictive unimorphs and heterogeneous bimo-
rphs by considering multi-physics ﬁelds. Although the formulation is conducted using the lead lantha-
num zirconate titanate ceramics (PLZT) polarized in 0-3 direction subjected to light illumination and
mechanical loading, the results may be extended to other photostrictive materials or degenerated to
piezoelectric ceramics. In the present formulation, photo-induced electrical, thermal and mechanical
ﬁelds in PLZT ceramics are studied ﬁrst, and then one-dimensional opto-thermo-piezoelectric equations
for 0-3 polarized PLZT and other photostrictive materials are discussed. On the basis of the photo-induced
multi-physics equations, 0-3 polarized PLZT unimorphs and bimorphs are investigated and the associated
constituent equations are derived. The numerical results calculated using the present formulations are
then compared with those available in the literatures to validate the derived novel constituent equations.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
A cantilever in a form of piezoelectric (PZT) bimorphs has been
widely used in micro-electro/opto-mechanical system (MEMS/
MOMS) and intelligent systems. When it is used as an actuator,
large deﬂection output is achievable. A PZT cantilever subjected
to mechanical loading or structural vibration can be used as a sen-
sor or an energy harvesting device (Sodano et al., 2003; Ajitsaria
et al., 2007). Cantilever transducers have also been used as a plat-
form of sensors in chemical and biological systems (Wachter et al.,
1996; Lavrik et al., 2004).
Smits et al. (1991) reviewed the development of PZT bimorphs
from 1930s, and then derived the constituent equations for PZT
symmetric bimorphs (Smits et al., 1991) and heterogeneous bimo-
rphs (Smits and Choi, 1991) under electrical and mechanical load-
ings. These formulations establish the relations between input and
output responses in a PZT cantilever, and have been widely used in
MEMS. PZT bimorph has received an increasing attention in the
past two decades (DeVoe and Pisano, 1997; Wang and Cross,
1998; Brissaud et al., 2003; Fernandes and Pouget, 2003; Wang,
2004; Wood et al., 2005; Li et al., 2009) due to its superior electri-
cal and mechanical performance, simple geometry and easy
manufacturing.
Recently, a cantilever driven by light illumination attracted a
considerable interest (Li et al., 2003; Corbett and Warner, 2007;
Steinbock and Helm, 2008; Luo and Tong, 2009a) as a photocanti-ll rights reserved.
+61 2 93514841.
ong).lever can be used to potentially realize remote and wireless actua-
tion and control. Because light intensity decreases with light
penetration depth in transparent materials, the photo-induced
strain in photostrictive materials can attenuate in a similar way.
Variation of the photo-induced strain in through-thickness direc-
tion creates direct bending of a photocantilever (Corbett and War-
ner, 2007; Luo and Tong, 2009a) and thus photostrictive materials
can be fabricated as a unimorph with simple geometry.
When PLZT ceramic is illuminated by ultraviolet light with
wavelength of around 365 nm, an electrical ﬁeld is generated along
spontaneous polarization duo to the photovoltaic effect and
mechanical strain is induced owing to the converse piezoelectric
effect. A PLZT strip can be polarized either in 0-1 direction (along
length) and 0-3 direction (along thickness direction), as shown in
Fig. 1(a) and (b).
The 0-1 polarized PLZT ceramics have been investigated by a
number of researchers (Uchino et al., 1985; Fukuda et al., 1995;
Poosanaas-Burke et al., 1998; Shih et al., 2004). When the 0-1
polarized PLZT ceramic is illuminated by light, the induced electri-
cal ﬁeld E1 can cause a PLZT strip to deform in extension or con-
traction. Two PLZT strips can be bonded to form a PLZT bimorph
(Brody, 1983; Fukuda et al., 1995). Structural responses of this type
of PLZT can be determined using the method similar to that of PZT
bimorphs.
The 0-3 polarized PLZT ceramic with one transparent electrode
appears more attractive due to low poling voltage and easy fabri-
cation (Ichiki et al., 2005; Qin et al., 2007). When light illuminates
on the transparent electrode of a 0-3 polarized PLZT strip, the light
intensity, induced electrical ﬁeld and the photo-strain decrease
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Fig. 1. A PLZT wafer: (a) electrically poled in 0-1 direction and (b) electrically poled in 0-3 direction.
Q. Luo, L. Tong / International Journal of Solids and Structures 47 (2010) 2006–2016 2007with light penetration depth (Luo and Tong, 2009b). The photo-
strain variation across the thickness enables bending directly.
Brody (1983) studied 0-1 polarized PLZT bimorphs, and Wach-
ter et al. (1996) discussed remote optical detection using semicon-
ductor bimorphs. In the semiconductor unimorph investigated by
Steinbock and Helm (2008), only the photo-strain is induced in
the surface layer. In studying performance of polymeric unim-
orphs, Corbett and Warner (2007) derived formulas for describing
light intensity and photo-strain variations with light penetration
depth. Luo and Tong (2009a) discussed the non-linear deforma-
tions and optimization for photocantilevers. In these investiga-
tions, only the photo-induced actuation was considered.
This paper aims to consider the coupling of electrical, thermal
and mechanical ﬁelds in PLZT ceramics illuminated by light and
to derive constituent equations for 0-3 polarized PLZT unimorphs
and bimorphs subjected to light illumination and mechanical load-
ing. The photo-induced multi-physics ﬁelds in the 0-3 polarized
PLZT materials are generally coupled and non-linearly dependent
on incident light intensity. This type of PLZT ceramics can be read-
ily fabricated into a unimorph and bimorph used as an actuator or
sensor. A new set of constituent equations with coupled multi-
physics ﬁelds is presented in a closed form for a 0-3 polarized PLZT
unimorph and bimorph. Numerical results are then presented to
validate the present formulations and to demonstrate actuating
and sensing performance of a 0-3 polarized PLZT unimorph and
bimorph.
2. Photo-induced electrical, thermal and mechanical ﬁelds in a
0-3 PLZT unimorph
Owing to photovoltaic, pyroelectric and piezoelectric effects,
electro-thermo-mechanical ﬁelds can be generated in PLZT cera-
mic when it is subjected to light illumination. Due to the photo-in-
duced strain attenuation with light penetration depth, the 0-3
polarized PLZT ceramic can be fabricated as a unimorph or depos-
ited on a substrate to form a heterogeneous bimorph.
The phenomenon of the photo-induced strain variation across
thickness in PLZT is similar to that of other photostrictive materials
such as semiconductor and polymer to some extent (Luo and Tong,2009a), and thus the obtained formulations in the following sec-
tions are relevant and may be used for these materials when they
are fabricated into actuators. The uniform electrical ﬁeld and strain
along thickness direction may also be deemed as a special case of
the present formulations. Therefore, the derived formulations can
degenerate to those for 0-1 polarized PLZT and PZT ceramics.
2.1. The photo-induced electrical ﬁeld in 0-3 polarized PLZT ceramic
When a 0-3 polarized PLZT wafer is illuminated with ultraviolet
light, it absorbs photons and generates free charge carriers (Piprek,
2003). The charge carrier current satisﬁes continuity equation and
the electrical conductivity is equal to the sum of dark and photo
conductivities (Fridkin, 1979; Poosanaas-Burke et al., 1998). As
the photocurrent density is equal to conductivity multiplied by
ﬁeld strength (Saslow, 2002), the photo-induced electrical ﬁeld
strength E3 at light penetration depth zd (measured from the light
irradiating surface) of a 0-3 polarized PLZT wafer is given by (Luo
and Tong, 2009b):
E3 ¼ k3aasIie
azd
jd þ jphIoeazd ¼
k3aIoeazd
jd þ jphIoeazd ¼
k3aIo
jd
 
eazd
1þ Keazd
¼ E3of ðzdÞ ð1Þ
where
Io ¼ asIi; f ðzdÞ ¼ e
azd
1þ Keazd ; K ¼
jphIo
jd
;
E3o ¼ k3ajd
 
Io ¼ k3ajph
 
K ð2Þ
In Eqs. (1) and (2), Ii is the incident light intensity; as is the surface
transmittance and Io is light intensity after surface absorption; k3 is
the photocurrent density coefﬁcient; jd and jph are dark and photo
conductivities, respectively; a is the light absorption coefﬁcient. It
worth noting that light intensity decreasing exponentially with
light penetration depth (Beer’s law) is used in Eq. (1).
The photovoltaic electrical potential difference in an inﬁni-
tesimal layer with thickness of (dzd) at zd is given by the gradient
equation of photovoltaic potential and strength. The photovoltaic
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rived by the integration of the gradient equation in 0 6 zd 6 t
(Luo and Tong, 2009b):
/o ¼ E3o
Z t
0
f ðzdÞdzd ¼ k3jph ln
jd þ jphIo
jd þ jphIoeat
 
¼ E3o jdaIojph ln
jd þ jphIo
jd þ jphIoeat
  
¼ E3otE ð3Þ
where t is the PLZT thickness; tE may be deemed as the equivalent
thickness for the electrical ﬁeld (tE 6 t). Eqs. (1) and (3) indicate that
photovoltaic ﬁeld strength and potential are non-linearly depen-
dent on incident light intensity.
2.2. The photo-induced thermal ﬁeld in 0-3 polarized PLZT ceramic
Light illumination on PLZT materials includes energy transfer
processes of photovoltaic, pyroelectric, optothermic and piezoelec-
tric effects (Fukuda et al., 1995; Shih et al., 2004). The pyroelectric
and optothermic effects in PLZT ceramics are generally compli-
cated and cause temperature to increase. As light transmission
obeys Beer’s law in a thin PLZT unimorph subjected to uniform
light illumination, it is reasonably to assume that temperature vary
exponentially with light penetration depth or is constant when
treated as a heat conductor.
TðzdÞ ¼ Toeazd ¼ kT Ioeazd or TðzdÞ ¼ To ðfor heat conductorÞ ð4Þ
where kT is the constant; T(zd) and To denote temperature increment
at zd and on the light irradiating surface. Generally, the thermal en-
ergy balance equation of piezoelectric materials can be written as
(Benjeddou and Andrianarison, 2005): hi;i  s ¼ Tr _g, where hi
(i = 1,2,3) are components of the heat ﬂux vector; s is the heat
source; Tr is the reference temperature and g denotes the entropy
density. In the steady state, _g ¼ 0 and thus hi,i  s = 0. When light
illuminates on transparent PLZT ceramic, the heat source is pro-
vided by light illumination. As light intensity attenuation obeys
Beer’s law, the heat source, the heat ﬂux component along thickness
direction and its derivative decrease exponentially. Therefore, the
assumption for Eq. (4) is reasonable.
2.3. The photo-induced mechanical ﬁeld in photostrictive materials
Due to the converse piezoelectric effect and thermal expansion,
the photo-induced strains in PLZT ceramics include photo-strain
ephi(zd) and thermal strain eTi(zd) (i = 1,2,3). The total mechanical
strain is the sum of ephi and eTi. This photo-induced mechanical
ﬁeld also exists in other photostrictive materials and the axial
strain of a cantilever can be expressed as:
eop1 ¼ eph1 þ eT1 ¼ ephoGðzdÞ þ aT1ToIðzdÞ ð5Þ
where aT1 is the thermal expansion coefﬁcient; epho is the photo-
strain on the irradiating surface; G(zd) is the function reﬂecting
strain variation across thickness; IðzdÞ ¼ IðzdÞ=Io and I(zd) denotes
the light intensity function with respect to zd. When the photostric-
tive material is a heat conductor, the temperature variation is con-
stant and thus eT1 = aT1To. The axial photo-strains, eph1, for several
photostrictive materials are given by:
eph1 ¼ d31E3of ðzdÞ The 0-3 polarized PLZT ceramic ð6aÞ
eph1 ¼ ephoIðzdÞ=½Io þ KiIðzdÞ Polymer ð6bÞ
eph1 ¼ ephoeazd Semiconductor ð6cÞ
eph1 ¼ d11E1 The 0-1 polarized PLZT ceramic ð6dÞ
where d31 and d11 are piezoelectric constants; Ki may be referred to
as the non-linear coefﬁcient that reﬂects the non-linear relation be-
tween the photo-strain and light intensity.Corbett and Warner (2007) investigated light transmission and
the photo-induced strain in elastomer with large photostrictive re-
sponses. They indicated that light transmission in transparent solid
may or may not obey Beer’s law and the photo-induced strain var-
iation across thickness can be exponential or non-exponential,
depending on the light absorption coefﬁcient. In light of the inves-
tigation of Corbett and Warner (2007), Eqs. (5) and 6a, 6b, 6c, three
different cases of light intensity and photo-strain variations along
thickness direction can be summarized as:
Case 1: Both light intensity and photo-strain vary exponentially
with zd.
Case 2: Light intensity varies exponentially with zd and photo-
strain varies non-exponentially with zd.
Case3: Both light intensity and photo-strain vary non-exponen-
tially with zd.
In this paper, we focus on 0-3 polarized PLZT ceramics with
exponential light intensity and non-exponential photo-strain
variations. The constituent equations for a 0-3 polarized PLZT
unimorph and bimorph will be formulated. It is seen from
Eqs. (6a)–(6d) that the derived results may be extended to other
photostrictive materials or simpliﬁed to the 0-1 PLZT and PZT
ceramics.
3. Coupling of multi-physics ﬁelds in 0-3 polarized PLZT ceramic
As in Section 2, electrical, thermal and mechanical ﬁelds can be
induced in PLZT ceramic when it is illuminated by light. In general,
these multi-physics ﬁelds are coupled. The coupled constitutive
equations of thermo-piezoelectricity have been discussed by a
number of authors (Mindlin, 1974; Benjeddou and Andrianarison,
2005; Altay and Dökmeci, 2007). In light of multi-physics ﬁelds
discussed in Section 2, when 0-3 polarized PLZT ceramic is sub-
jected to light illumination and mechanical loading, the coupled
constitutive equations for one-dimensional (1D) linear analysis
can be derived as:
r1 ¼ c11e1  e31E3  k1T
D3 ¼ e31e1 þ v33E3 þ p3T
g ¼ k1e1 þ p3E3 þ apT
h3 ¼ k33e3
8>><
>>:
ð7Þ
where r1, D3, g and h3 are stress, electrical displacement, entropy
density and heat ﬂux; e1, E3, T and e3 denote strain, electrical ﬁeld
strength, temperature variation and thermal ﬁeld vector; c11, e31
and v33 are elastic, piezoelectric and permittivity constants; p3
and k1 denote pyroelectric and thermal stress constants; and k33
and g are the heat conductivity and the entropy density. ap = (qcv/
Tr), in which q is the mass density and cv is the speciﬁc heat.
In Eq. (7), electrical ﬁeld strength and temperature variation de-
pend on incident light intensity. Based on Mindlin’s investigation
(1974), Benjeddou and Andrianarison (2005) presented general
thermopiezoelectric gradient equations, which denote the rela-
tionships of strain–displacement, electrical ﬁled strength-poten-
tial, heat ﬂux and thermal ﬁeld-temperature variations. For the
0-3 polarized PLZT ceramics in 1D linear analysis, the gradient
equations are:
e1 ¼ dudx ; E3 ¼ 
d/
dz
; h3 ¼ k33 dTdz ; e3 ¼ 
dT
dz
ð8Þ
where u is the axial displacement and / is the electrical potential.
In light of formulations presented by Mindlin (1974), Benjeddou
and Andrianarison (2005) and Altay and Dökmeci (2007), thermo-
dynamic potential densityP in the PZT thermo-electro-mechanical
ﬁled can be expressed in term of electric Gibbs and dissipation
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it can be written as:
P ¼ 1
2
c11e21 
1
2
v33E
2
3  e31e1E3 
1
2
apT2  p3TE3  k1e1T 
1
2
k33e23
ð9Þ
On the right hand of Eq. (9), the last term denotes the dissipation
function and the electric Gibbs function is given by the others. E3
and T are dependent on incident light intensity and are given by
Eqs. (1) and (4), respectively.
In Eq. (9), variables e1, E3, T and e3 have been chosen as primitive
state variables. The associated conjugate state variables are r1, D3,
g and h3, and they are given by:
r1 ¼ @P
@e1
; D3 ¼  @P
@E3
; g ¼  @P
@T
; h3 ¼  @P
@e3
ð10Þ
By using Eqs. (9) and (10), the coupled constitutive equations of
multi-physical ﬁelds observed in 0-3 polarized PLZT materials for
1D analysis can be derived as given in Eq. (7).
4. Constituent equations of 0-3 polarized PLZT unimorphs and
bimorphs
When a 0-3 polarized PLZT unimorph is subjected to light illu-
mination and mechanical loading as shown in Fig. 2(a), the total
thermodynamic potential U can be calculated via the integration
of the potential density:
U ¼
Z t
2
t2
Z L
0
1
2
c11e21 
1
2
v33E
2
3  e31e1E3 
1
2
apT2  p3TE3

 k1e1T  12 k33e
2
3

dzdx ð11Þ
where L and t are the length and thickness of the unimorph; and a
unit width of the unimorph is considered.
As in Section 2, the 0-3 polarized PLZT ceramic can be fabricated
as a unimorph and deposited on a substrate to form a bimorph or
multilayer cantilever referred to as a heterogeneous bimorph. We
will derive the constituent equations for a 0-3 polarized PLZT
unimorph and heterogeneous bimorph based on Eqs. (8), (10)
and (11).
4.1. Constituent equations for 0-3 polarized PLZT unimorphs
When a PLZT unimorph is used as an actuator and/or sensor in
MEMS/MOMS, it is useful to ﬁnd the relations amongst its input
and output physical quantities when it is subjected to light illumi-
nation and mechanical loading as illustrated in Fig. 2.
In Fig. 2(a), the input quantities are the light intensity Io that in-
duces electrical potential / and temperature variation T, mechan-
ical force components N, F, M and q. The output quantities are
the electrical charge Q, entropy gV, axial displacement DH, deﬂec-
tion DV, rotation u and displaced volume V of the whole unimorph,
as illustrated in Fig. 2(b).F 
q M
N
T
 Incident light Ii
 (a)                                      
φ
Fig. 2. A 0-3 polarized PLZT unimorph: (a) input physThe constituent equations of the 0-3 polarized PLZT unimorph
establish conjugated relationships for input and output physical
quantities, and can be generally expressed as:
fDg ¼ ½CfPg where fDg ¼ DH;DV ;u;V ;Q ;gVf g and
fPg ¼ N; F;M; q;/ðIoÞ; TðIoÞf g ð12Þ
For example, DH denotes the tip horizontal displacement corre-
sponding to the axial force N, and the electrical charge Q corre-
sponds to the light generated electrical potential /. When matrix
[C] is known, the relation of vectors {D) and {P} is determined. By
utilizing the constituent equations, the PLZT unimorph can be used
as a black-box without involving details of the complex energy
transfer processes in PLZT materials. Therefore, the constituent
equations are useful in practical applications of MEMS/MOMS.
For the PLZT unimorph shown in Fig. 2(a), / and T are given by
Eqs. (1), (3) and (4), which are dependent on incident light inten-
sity. By using the classical beam theory, the axial normal strain
e1 caused by mechanical forces is given by:
e1 ¼ 1c11
N
t
þM þ FðL xÞ þ qðL xÞ
2
=2
J
z
" #
ð13Þ
where J is the area moment of inertia. By substituting Eqs. (1), (3),
(4), (8) and (13) into Eq. (11), the total thermodynamic potential
U in the 0-3 polarized unimorph can be determined and its formu-
lation is given in Appendix A.
After the total thermodynamic potential U is obtained, elements
of matrix [C] in Eq. (12) can be determined by using (Smits et al.,
1991; Altay and Dökmeci, 2007):
Cij ¼ Cji ¼ @
2U
@Pi@Pj
ð14Þ
Mathematical symbols in Eqs. (8)–(12) should be noticed when
using Eq. (14). By using Eqs. (A1) and (14), the constituent equa-
tions of a 0-3 polarized PLZT unimorph can be formulated and are
given by:
DH
DV
u
V
Q
gV
8>>>>><
>>>>>:
9>>>>>=
>>>>>;
¼
L
c11t
0 0 0
e31L
c11tEt
Pu2
k1L
c11t
Pu2
L3
3c11J
L2
2c11J
L4
8c11J
e31L
2
2c11tE
Pu3
J
k1L
2
2c11
Pu3
J
L
c11J
L3
6c11J
e31L
c11tE
Pu3
J
k1L
c11
Pu3
J
Sym:
L5
20c11J
e31L
3
6c11tE
Pu3
J
k1L
3
6c11
Pu3
J
v33L
t2E
Pu1
p3L
tE
Pu4
apL
2a
2
66666666666666666666664
3
77777777777777777777775
N
F
M
q
/o
To
8>>>>><
>>>>>:
9>>>>>=
>>>>>;
ð15Þ
whereϕ
Q- 
x
Q+
L 
z
                              (b) 
V
VΔ
HΔ
η
ical quantities and (b) output physical quantities.
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R t
2
t2
½f ðzÞ2dz; Pu2 ¼
R t
2
t2
f ðzÞdz; Pu3 ¼
R t
2
t2
f ðzÞzdz;
Pu4 ¼
R t
2
t2
f ðzÞeat 12ztð Þdz
Pu2 ¼ 1 e
at
at
 
t; Pu3 ¼ 1þ e
at
2at
 1 e
at
ðatÞ2
" #
t2
ap ¼ ðap þ k33a2Þð1 e2atÞ
8>>>>><
>>>>>:
ð16Þ
For the case of PLZT ceramic treated as a heat conductor, T = To, the
total thermodynamic potential is given in Eq. (A2) and the constit-
uent equations can be simpliﬁed as:
DH
DV
u
V
Q
gV
8>>>><
>>>>>:
9>>>>=
>>>>>;
¼
L
c11t
0 0 0
e31L
c11tEt
Pu2
k1L
c11
L3
3c11J
L2
2c11J
L4
8c11J
e31L
2
2c11tE
Pu3
J
0
L
c11J
L3
6c11J
e31L
c11tE
Pu3
J
0
Sym:
L5
20c11J
e31L
3
6c11tE
Pu3
J
0
v33L
t2E
Pu1
p3L
tE
Pu2
apLt
2
666666666666666666664
3
777777777777777777775
N
F
M
q
/o
To
8>>>><
>>>>>:
9>>>>=
>>>>>;
ð17Þ
When the PLZT unimorph is a heat conductor and K < < 1,Pu2 and Pu3
in Eq. (17) should be replaced by Pu2 and Pu3. It should also be noted
that /o and To depend on incident light intensity.
Eqs. (15) and (17) deﬁne in closed form the relations between
input and output physical quantities for a 0-3 polarized PLZT
unimorph. To our best knowledge, these constituent equations
have not been published in the literature, and they are novel in for-
mulation and also in the context of taking into account the cou-
pling of multi-physics ﬁelds.
4.2. Constituent equations for 0-3 polarized PLZT heterogeneous
bimorphs
For a 0-3 polarized PLZT heterogeneous bimorph subjected to
light illumination and mechanical loading as shown in Fig. 3, the
same quantities as those in Fig. 2(b) can be used as output quanti-
ties or signals. When the classical laminated beam theory is used,
the axial strain e1 caused by mechanical loading is given by:
e1 ¼ D11N  B11½M þ FðL xÞ þ qðL xÞ
2
=2
A11D11  B11
þ A11½M þ FðL xÞ þ qðL xÞ
2
=2  B11N
A11D11  B11 z ð18ÞT 
F 
q M
N 
x 
PLZT layer 
Substrate 
Incident light Ii
z 
φ
Fig. 3. A 0-3 polarized heterogeneous bimorph subjected light illumination and
mechanical loading.where L is the bimorph length; A11, D11 and B11 are the extensional,
bending and extension-bending coupling stiffness constants of the
PLZT heterogeneous bimorph.
The strain energy density of a 0-3 polarized PLZT multilayer
cantilever can be expressed as:
uk ¼ 12Q11ke
2
1 ð19Þ
where uk and Q11k are the strain energy density and the elastic con-
stant of the kth layer. Q11k; A11; D11 and B11 are given in Appendix B.
When using Eq. (11), the 1st term on its right hand of Eq. (11)
should be replaced by Eq. (19). The total thermodynamic potential
U for the 0-3 polarized PLZT heterogeneous bimorph can be de-
rived by using Eqs. (1), (4), (11), (18) and (19) and is given in Eq.
(B1) of Appendix B. By utilizing Eqs. (8), (10) and (11), and substi-
tuting Eq. (B1) into (14), the constituent equations of a 0-3 polar-
ized PLZT heterogeneous bimorph can be determined as:
DH
DV
u
V
Q
gV
8>>>><
>>>>:
9>>>>=
>>>>;
¼
D11L
D
B11L
2
2D
B11L
D
D11L
3
6D
e31L
DtE
PN
k1L
D
PN
A11L
3
3D
A11L
2
2D
A11L
4
8D
e31L
2
2DtE
PM
k1L
2
2D
PM
A11L
D
A11L
3
3D
e31L
DtE
PM
k1L
D
PM
Sym:
A11L
5
20D
e31L
3
6DtE
PM
k1L
3
6D
PM
v33L
t2E
Pb1
p3L
tE
Pb4
apL
2a
2
6666666666666666666664
3
7777777777777777777775
N
F
M
q
/o
To
8>>>><
>>>>:
9>>>>=
>>>>;
ð20Þ
When the PLZT ceramic is treated as a heat conductor, the total
thermodynamic potential is given in Eq. (B2) and the constituent
equations for the PLZT heterogeneous bimorph can be simpliﬁed as:
DH
DV
u
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Q
gV
8>>>><
>>>>:
9>>>>=
>>>>;
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ð21Þ
where,
D ¼ ðA11D11  B211Þ
PN ¼ ðD11Pb2  B11Pb3Þ; PN ¼ ðD11Pb2  B11Pb3Þ
PM ¼ ðB11Pb2  A11Pb3Þ; PM ¼ ðB11Pb2  A11Pb3Þ
PTN ¼ D11  B11ðH  tÞ=2; PTM ¼ B11 þ A11ðH  tÞ=2
8>>><
>>:
ð22Þ
where H is the bimorph thickness; Pb1; Pb2; Pb3; Pb4; Pb2 and Pb3 are
deﬁned as:
Pb1 ¼
R H
2
H
2t
½f ðzÞ2dz; Pb2 ¼
R H
2
H
2t
f ðzÞdz; Pb3 ¼
R H
2
H
2t
f ðzÞzdz;
Pb4 ¼
R H
2
H
2t
f ðzÞea H2zð Þdz
Pb2 ¼ 1 e
at
at
 
t; Pb3 ¼ t
2
2at
2eat þ ð1 eatÞ H
t
 2
at
  
8>>>><
>>>:
ð23Þ
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Fig. 4. Light intensity (Poynting ﬂux) variation across photostrictive unimorph
thickness predicted by Corbett and Warner (2007) and by the present model.
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dependent on incident light intensity as illustrated in Fig. 3. When
the PLZT ceramic is treated as a heat conductor and K << 1, Eq. (21)
can be further simpliﬁed accordingly.
In Eqs. (16) and (23), the integrations associated with Pui and Pbi
(i = 1,3,4) are poly-algorithmic functions, and their values can be
calculated numerically.
By comparing with the formulations of PZT heterogeneous
bimorphs in the literature (e.g., Smits and Choi, 1991; DeVoe and
Pisano, 1997; Wang and Cross, 1998; Fernandes and Pouget,
2003; Brissaud et al., 2003), Eqs. (20) and (21) exhibit new terms
in the 1st row, the 5th and 6th columns of the matrix. The 1st
row is for formulation completeness in considering the exten-
sion-bending coupling effect; the 6th column includes the thermal
effect induced by light illumination; and the 5th column models
the photo-strain variation across thickness.
4.3. Actuator and sensor equations of 0-3 polarized PLZT unimorphs
and bimorphs
The 0-3 polarized PLZT unimorph and bimorph can be used as
actuator or sensor. When subjected to light illumination and
mechanical loading, there are six output signals generated in a
PLZT unimorph or bimorph, of which, the actuated tip deﬂection
and the sensed electrical charge are mainly concerned in practical
applications. The formulas for tip deﬂection and electrical charge
may be referred to as actuating and sensing equations,
respectively.
By using the deﬁnitions in Eq. (12) and Eqs. (15), (17), (20), (21),
the actuating and sensing equations can be given by:
DV ¼ C2iPi ði ¼ 1;2; . . . ;6Þ ð24Þ
Q ¼ C5iPi ði ¼ 1;2; . . . ;6Þ ð25Þ
In the present formulations given in Eqs. (15), (17), (20), (21) and
(23), (24), plane stress state has been assumed for derivation sim-
plicity. When PLZT unimorphs and bimorphs work in plane strain
state (width >> thickness), material constants of the multi-physics
ﬁelds should bemodiﬁed (Weinberg, 1999; Tadmor and Kosa, 2003).
In the present formulation, hysteresis features of ferroelectric
materials are not involved. Also, the large electromechanical cou-
pling is not modeled. Modeling the hesteresis and large electrome-
chanical coupling factor of 0-3 polarized PLZT unimorphs and
bimorphs is beyond the scope of this paper and will not be dis-
cussed in detail here.
5. Numerical results and discussion
5.1. Photo-induced performance in unimorphs, non-exponential light
transmission
As, to our best knowledge, there is no result reported on the
PLZT unimorph in the literature, we chose the polymer unimorph
(Corbett and Warner, 2007) as an illustrative example to qualita-
tively and quantitatively benchmark the present new formulations
in Eqs. (15) and (17).
Corbett and Warner (2007) investigated exponential and non-
exponential light transmission and photo-induced deformation in
polymer unimorphs, and they obtained the light intensity (Poyn-
ting ﬂux) and photo-induced strain variations across thickness as:
ln½IðzdÞ þ Ki½IðzdÞ  1 ¼ azd;
ephðzdÞ ¼ Acnc ¼ ðAcKiÞIðzdÞ
1þ KiIðzdÞ
ð26Þ
where IðzdÞ ¼ IðzdÞ=Io; nc is the cis fraction of chromophores; Ac is
the strain coefﬁcient and coefﬁcient Ki reﬂects the non-exponentiallight transmission and the non-linear relation of the photo-strain
and light intensity; Io and a are the same as those in Eqs. (1) and (2).
When Ki << 1 (Ki– 0), light intensity and the photo-induced
strain in the photostrictive polymer varies exponentially across
thickness. In this case, the photo-strain approximately depends
on the incident light intensity linearly (Corbett and Warner, 2007).
It is noted by comparing Eq. (5) with Eq. (26) that the photo-
strain in the 0-3 polarized PLZT and that in the polymer for the
non-exponential light transmission exhibit similar features. In
the present formulation for PLZT ceramic, light intensity decreases
exponentially through thickness but the strain attenuates non-
exponentially. Non-exponential transmission of light in PLZT
ceramics may be studied in future investigation.
Corbett and Warner (2007) derived the photo-induced curva-
ture of a photo-cantilever for the photo-strain of Eq. (26) with
(Ac) = 1 and deﬁned the normalized curvature as:
wo ¼ 1aR ð27Þ
where R is the curvature radius.
By using the photo-strain in Eq. (26) and the formulations in
Corbett and Warner (2007), the normalized curvature (or tip
deﬂection) can be rewritten as:
wo ¼ 12ðAcKiÞðatÞ3
at
2
1þ It
  1 It  Ki2 1 I2t
   ð28Þ
where It ¼ IðtÞ, which is an implicit function of Ki and (at). Eq. (28)
with (Ac) = 1 is the same as Eq. (6) in Corbett and Warner (2007);
Eq. (28) is used here for easy comparison.
In light of Eq. (15) or (17), the present normalized curvature for
a PLZT unimorph caused by the photo-induced strain is derived as:
wo ¼ 1aR ¼
2DV
aL2
¼ e31/o
c11tef
 
1
at
 
Pu3
t2
 
¼ 12eKK  Pu3Kat
 
ð29Þ
where
eK ¼ e31/oc11tef K ¼ 
e31E3o
c11K
¼  e31k3a
c11jph
;
Pu3K ¼ Pu3
t2
¼
Z 1
2
12
eatð1=2xÞ
1þ Keatð1=2xÞ xdx
ð30Þ
Similar to the discussion in Corbett and Warner (2007), the same
temperature variation within the PLZT unimorph is assumed in
Eq. (28), which does not cause a unimorph to bend.
In Eq. (28), It is numerically determined using Eq. (26) for pre-
scribed values of Ki and (at). In the present model, It ¼ eat . Fig. 4
2012 Q. Luo, L. Tong / International Journal of Solids and Structures 47 (2010) 2006–2016illustrates It versus (at) predicted by the present formulation and
by Corbett and Warner (2007) for Ki = 2, 1, 0.5, 0.1 and 0.05. It is
seen that Poynting ﬂux predicted by Corbett and Warner (2007)
when Ki < < 1 (e.g., Ki= 0.1 and 0.05) approaches that predicted by
It ¼ eat .
By using Eqs. (28), (29) and setting (Ac) = eK = 1, the normal-
ized unimorph curvatures for Ki = K = 2, 1, 0.5, 0.1 and 0.05 are
plotted in Fig. 5, in which Ki and K represent predictions of Corbett
and Warner (2007) (Eq. (28)) and the present formulations (Eq.
(29)).
When Ki = K < < 1 (e.g., Ki = K = 0.1 and 0.05), the unimorph cur-
vatures predicted by Corbett andWarner (2007) and by the present
formulation are almost the same. With an increasing Ki in the mod-
el of Corbett and Warner (2007) and K in our model, discrepancies
are observed from Fig. 5. This is because light intensity distribution
is assumed exponentially and the photo-strain varies non-expo-
nentially in our model, whereas both of the light intensity and
photo-strain distributions are non-exponential. However, Ki < < 1
and K < < 1 represent the exponential distribution of light intensity
and the photo-strain in both models.
It is noted that Ki– 0 and K– 0; Ki = 0 denotes no cis chromo-
phore in Corbett and Warner (2007) and K = 0 represents no light
illumination in our PLZT model. Since Eq. (29) is derived from Eq.
(15) or (17), and Eq. (28) is obtained from Eq. (6) of Corbett and
Warner (2007), numerical results of Fig. 5 veriﬁed the present for-
mulation for the 0-3 polarized PLZT unimorph.5.2. PLZT heterogeneous bimorphs, inﬂuences of light absorption
coefﬁcient, non-linearity and the thermal ﬁeld
Wang and Cross (1998) investigated static and dynamic perfor-
mance of PZT cantilevers with three conﬁgurations. For the canti-
lever fabricated by the PZT and metal layers, Wang and Cross
(1998) studied the tip deﬂection via the thickness ratio of metal
and PZT layers, in which their cantilever conﬁguration is the same
as that of the heterogeneous bimorph studied by Smits and Choi
(1991). The present formulations for the PLZT laminated bimorph
can be applied to this PZT bimorph by simplifying the related
parameters.
With regard to the actuating performance, the main differences
between PZT bimorphs and present PLZT bimorphs are electrical
ﬁeld and strain distributions along thickness direction. The applied
electrical ﬁeld and the induced strain in the PZT layer are uniform0
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Fig. 5. The tip deﬂection (curvature) of the photostrictive unimorph predicted by
Corbett and Warner (2007) with different Ki and by the present formulation with
various K.along thickness direction, whilst the photo-induced electrical ﬁeld
and strain in the PLZT layer vary with zd. When light absorption
coefﬁcient is very small or (at ) approaches zero, the electrical ﬁeld
and photo-induced strain distribution of the 0-3 polarized PLZT
layer across thickness will become uniform.
It is known that the tip deﬂection is a primary parameter of the
bimorph. Hence, it is important to study the tip deﬂection of the 0-
3 polarized PLZT heterogeneous bimorph actuated by light illumi-
nation. The tip deﬂection for the two layer PLZT bimorph can be
derived using Eq. (20) and given by:
DV ¼  DE 2H½Bð1 AÞPb2  ðABþ 1Þð2=tÞPb3
t2½A2B4 þ 2Að2Bþ 3B2 þ 2B3Þ þ 1
(
þ DT
DE
2H½Bð1 AÞPb2  ðABþ 1Þð2=tÞPb3
t2½A2B4 þ 2Að2Bþ 3B2 þ 2B3Þ þ 1
)
ð31Þ
where
DE ¼ 3e31E3oL
2
2EpH
; DT ¼ 3k1ToL
2
2EpH
; A ¼ Em
Ep
; B ¼ H  t
t
ð32Þ
in which parameters A and B denote material constant and thick-
ness ratios of substrate and PLZT (PZT) layers. In Eqs. (31) and
(32), Em and Ep are Young’s moduli of the metal and PLZT layers.
Wang and Cross (1998) derived the normalized tip deﬂection for
the PZT bimorph subjected to electrical ﬁeld E3 as:
Do ¼ DV
DE
¼ 2ABð1þ BÞ
2
½A2B4 þ 2Að2Bþ 3B2 þ 2B3Þ þ 1
ð33Þ
where
DE ¼ 3e31E3L
2
2EpH
ð34Þ
In Eq. (33), E3 is the applied electrical ﬁeld strength. By referring to
Eqs. (33) and (34), the normalized tip deﬂection in the present for-
mulation can be written as Do = DV/DE. It can be shown that the
normalized tip deﬂection in the present formulation equation (31)
can be simpliﬁed to that of Wang and Cross (1998) in Eq. (33) when
DT = 0, f(z) = 1 and DE ¼ DE.
The normalized tip deﬂections predicted by Wang and Cross
(1998) for a PZT bimorph and the present formulation for PLZT
bimorphs are shown in Fig. 6, in which DT = 0; A = 3.145 (Wang
and Cross, 1998) and DE ¼ DE. It is noted that DE independent on
K has been adopted for comparing with Wang and Cross (1998).0
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Fig. 6. Curves of the normalized tip deﬂection versus the thickness ratio for PZT
bimorphs predicted byWang and Cross (1998) and the present formulation for PLZT
bimorphs.
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material constant ratio and the light absorption coefﬁcient are pre-
scribed, there exist an optimal thickness ratio for the 0-3 polarized
PLZT bimorph; (b) when DE ¼ DE, the tip deﬂection in a PLZT bimo-
rph is lower than that of a PZT bimorph as the photo-strain
decreases with light penetration depth; (c) with decreasing coefﬁ-
cients (at) and K, the tip deﬂection of the PLZT bimorph approaches
that of the PZT bimorph; in this case, the present formulation can
be simpliﬁed to that for the PZT bimorph. Fig. 6 validates the
present formulation for the 0-3 polarized PLZT heterogeneous
bimorph.
Figs. 5 and 6 illustrate that coefﬁcients a and K considerably af-
fect actuating performance of a PLZT unimorph and heterogeneous
bimorph. Eq. (31) indicates that the actuated tip deﬂection of PLZT
bimorphs is affected by both electrical and thermal ﬁelds.
Fig. 5 indicates that there exists an optimal value of (at) for a
PLZT unimorph, and Fig. 6 shows that larger tip deﬂection of a PLZT
bimorph can be achieved with smaller (at). To investigate the ef-
fects of non-linear coefﬁcient K and thermal ﬁeld, we rewrite DE
and DT as:
DE ¼ 3e31L
2
2EpH
k3a
jph
 
K ¼ 3e31L
2
2EpH
k3a
jd
 
Io;
DT ¼ 3k1kTL
2
2EpH
jd
jph
 
K ¼ 3k1kTL
2
2EpH
Io ð35Þ
The normalized tip deﬂection caused by the electrical ﬁeld and the
thermal ﬁeld can be deﬁned as:
DEo ¼ DVEDE K ¼ 
2H½Bð1 AÞPb2  ðABþ 1Þð2=tÞPb3
t2½A2B4 þ 2Að2Bþ 3B2 þ 2B3Þ þ 1
K ð36Þ
DTo ¼ DVTDT K ¼ 
2H½Bð1 AÞPb2  ðABþ 1Þð2=tÞPb3
t2½A2B4 þ 2Að2Bþ 3B2 þ 2B3Þ þ 1
K ð37Þ
where DVE and DVT are tip deﬂections of the PLZT heterogeneous
bimorph cause by the electrical ﬁeld and the thermal ﬁeld,
respectively.
When A = 3.145; B = 0.5 and (at) = 0.005, the normalized tip
deﬂections predicted by Eqs. (36) and (37) are plotted in Fig. 7. It
is shown that the tip deﬂection caused by the electrical ﬁeld is
non-linearly dependent on coefﬁcient K or light intensity Io
(K = jphIo/jd), while that caused by the thermal ﬁled is linearly re-
lated to the incident light intensity. The thermal effect on tip
deﬂection of the 0-3 polarized PLZT bimorph increases with strong
light illumination. Similar numerical results can be demonstrated
for the PLZT unimorph and the same conclusions can be drawn.0
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Fig. 7. Inﬂuences of the non-linear coefﬁcient K and thermal ﬁeld on the tip
deﬂection of the PLZT heterogeneous bimorph.5.3. Sensing electrical charges
The sensor equation is given in Eq. (25). Sensing charges in a 0-3
polarized PLZT unimorph and bimorph subjected to light illumina-
tion and mechanical loading can be calculated by Eqs. (15) and
(20), respectively. When force F and light with intensity Io are ap-
plied to the PLZT unimorph, the sensing charge can be expressed
as:
Q ¼ 6e31L FnL
c11t2
 
Ps3KF
Ps2
þ ak3v33L
jph
 
Ps1K
Ps2
þ p3LkTjd
jph
 
Ps4K
Ps2
ð38Þ
where,
Ps1 ¼
R 1
2
12
eatð1=2xÞ
1þ Keatð1=2xÞ
 2
dx; Ps3 ¼
R 1
2
12
eatð1=2xÞx
1þ Keatð1=2xÞ dx;
Ps4 ¼
R 1
2
12
e2atð1=2xÞ
1þ Keatð1=2xÞ xdx
Ps2 ¼ 1ðatÞK ln
1þ K
1þ Keat ; KF ¼
F
Fn
8>>>>><
>>>>>:
ð39Þ
In Eq. (39), Fn may be deemed as the unit transverse force and KF is a
non-dimensional parameter. The normalized sensing charge com-
ponents are then deﬁned as:
QFo ¼
Ps3KF
Ps2
; QEo ¼
Ps1K
Ps2
; QTo ¼
Ps4K
Ps2
ð40Þ
Fig. 8 illustrates the normalized sensing charges QFo, QEo and QTo
versus the non-linear coefﬁcient K (incident light intensity) when
(at) = 0.005, in which KF = 2000K is assumed only for the purpose
of plotting the ﬁgure. Fig. 8 indicates that, sensing charges in the
0-3 polarized unimorph caused by light illumination and mechani-
cal loading are non-linearly related to the non-linear coefﬁcient K.
Fig. 8 and Eq. (38) indicate that the electrical ﬁeld caused by
mechanical loading is non-uniform across thickness due to the cou-
pling effect. The non-uniform electrical ﬁeld sensed in PZT ceramics
have been found by a number of authors (e.g., Krommer and Irschik,
2002; Tadmor and Kosa, 2003; Brissaud et al., 2003; Tadigadapa and
Mateti, 2009).
It is noted that the values of Figs. 7 and 8 are normalized only to
show effects of electrical, thermal and mechanical ﬁelds on actuat-
ing and sensing features. It should also be noted that the charge
equation of electrostatics is not included in the present formula-
tion. This is effective for a small electromechanical coupling factor0
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Fig. 8. The normalized sensing electrical charge in a 0-3 polarized PLZT unimorph
caused by light illumination and mechanical loading (at = 0.005 and KF = 2000K).
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1999; Tadmor and Kosa, 2003).
The measurements of the photo-induced electrical ﬁeld (Ichiki
et al., 2005; Qin et al., 2007) conﬁrms the present model for 0-3
polarized PLZT ceramics (Luo and Long, 2009b). Sirohi and Chopra
(2000) conducted sensing charge measurement of piezoelectric
ceramics caused by mechanical loading. The sensing charge mea-
surement for 0-3 polarized PLZT ceramics subjected to both light
illumination and mechanical loading needs further investigation.
5.4. Actuating performance comparison of a photostrictive unimorph
and bimorph
As the photo-induced strain decreases with light penetration
depth, photostrictive materials can be fabricated as a unimorph
or bimorph. In this subsection, we investigate and compare actuat-
ing performance of a 0-3 polarized PLZT unimorph and heteroge-
neous bimorph subjected to light illumination.
The tip deﬂection of a 0-3 polarized PLZT heterogeneous bimo-
rph can be derived as:
DVE ¼  3e31k3L
2
2jphEpt2
2ðatÞK½Bð1 AÞPc2  ðABþ 1ÞPc3
½A2B4 þ 2Að2Bþ 3B2 þ 2B3Þ þ 1
ð41Þ
where
Pc2 ¼ Ps2; Pc3 ¼ 2
Z 1
2
12
eatð1=2xÞ
1þ Keatð1=2xÞ xdxþ BPc2 ð42Þ
To study effect of the thickness ratio on actuating performance, we
deﬁne the normalized tip deﬂection of the PLZT bimorph with one
layer substrate as:
Doc ¼  2½Bð1 AÞPc2  ðABþ 1ÞPc3½A2B4 þ 2Að2Bþ 3B2 þ 2B3Þ þ 1
ð43Þ
It should be noted that when B = 0, a PLZT bimorph degenerates to a
PLZT unimorph. Fig. 9 illustrates the tip deﬂection of the 0-3 polar-
ized PLZT bimorph for the given PLZT layer with different values of
(at) when K = 0.5 and A = 3.145.
It can be seen from Fig. 9 that, for small values of ( at)
(=0.5,1,2), the largest tip deﬂection is achieved when B– 0,
and thus a bimorph is better than a unimorph in this case. How-
ever, for large values of ( at) (=2.5,3,3.5), the maximum tip
deﬂection occurs at B = 0; that is, a unimorph has better actuat-
ing performance than a bimorph in this case. For the prescribed
properties of photostrictive materials, an optimal conﬁguration0
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Fig. 9. The tip deﬂections of 0-3 PLZT heterogeneous bimorphs versus the thickness
ratio for different values of (at).of a unimorph or bimorph can be designed to achieve the best
actuating behavior.5.5. Discussion
Hyer and Jilani (1998) studied room-temperature shapes of
asymmetrically laminated PZT actuators that were fabricated at
an elevated temperature. By considering thermal coupling and
large deformation, they investigated shapes and shape stabilities
of the laminated PZT plate. Due to complexity, thermopiezoelectric
effects have attracted considerable attention recently (e.g., Benjed-
dou and Andrianarison, 2005; Altay and Dökmeci, 2007). This pa-
per is to study multi-physics ﬁelds of the 0-3 polarized PLZT
ceramic in 1D linear analysis. The photo-induced electrical and
mechanical ﬁelds in this type of materials are different from those
of PZT ceramics. In this paper, large deformation and non-linear
stability are not considered.
Photostrictive phenomena have been found in many materials,
PLZT ceramic is the most promising one in MEMS/MOMS (Poos-
anaas-Burke et al., 1998). The 0-1 polarized PLZT ceramic has been
extensively studied, e.g., Brody (1983), Uchino et al. (1985), Poos-
anaas-Burke et al. (1998) and Shih et al. (2004). Issues hindering
its application are mainly slow response time and high poling volt-
age. The 0-3 polarized PLZT ceramic can overcome these drawbacks
(Ichiki et al., 2005) but its efﬁciency relies on transparent electrodes
(Ichiki et al., 2005; Qin et al., 2007). At present, 0-3 polarized PLZT
specimens are commercially unavailable and thus limited experi-
mental results have been reported. Due to complexity in energy
transferring process of PLZT ceramics subjected to light illumination
andmechanical loading, it is necessary to conduct substantial theo-
retical and experimental investigations in order to ﬁnd and guide
applications of PLZT ceramics in MEMS/MOMS.
The strong light illumination is required for the current PLZT
ceramics (Poosanaas-Burke et al., 1998; Ichiki et al., 2005). The
high pressure mercury lamp such as USH-500D is normally used
as a light source for PLZT ceramics even though the continuous
wave laser may be an ideal light source for other photostrictive
materials such as polymers (Luo and Tong, 2009a). When light
with wavelength of around 365 nm uniformly illuminates on
the PLZT sample, the photovoltaic effect will reach the saturation
in a short time (Poosanaas-Burke et al., 1998; Ichiki et al., 2005).
In this steady state, electrical and thermal ﬁelds will be stable,
and thus the thermal balance is reached. It should be pointed
out that a transient process of energy transformations in 0-3
polarized PLZT ceramic is not considered in this paper. The dy-
namic responses of the multi-physics ﬁeld in PLZT ceramics need
to be further studied.
On the basis of Maxell’s equations, light wave can be described
using Poynting’s electro-magnetic vector. Interactions of this
electro-magnetic ﬁeld and themulti-physics ﬁelds in PLZT ceramics
induced by light illumination are not clear. The current explanation
on photostrictive phenomena in polymer, semiconductor and PLZT
ceramic is mainly based on the photon carrier current theory
(Fridkin, 1979; Saslow, 2002; Piprek, 2003; Corbett and Warner,
2007; Qin et al., 2007), or the quantum characteristics of light. In
practical application, phenomenological modeling is usually used.
Phenomenological models for 0-1 and 0-3 polarized PLZT actuators
were presented by Poosanaas-Burke et al. (1998) and Luo and Tong
(2009b), respectively. This paper further studies multi-physics
ﬁelds of 0-3 polarized PLZT unimorphs and bimorphs.6. Conclusion
The thermodynamic models for 0-3 polarized PLZT unimorphs
and heterogeneous bimorphs are investigated and new constituent
Q. Luo, L. Tong / International Journal of Solids and Structures 47 (2010) 2006–2016 2015equations are derived by considering coupling thermo-electro-
mechanical ﬁelds of 0-3 polarized PLZT ceramics induced by light
illumination and mechanical loading. On the basis of the present
constituent equations, actuating and sensing equations for 0-3
polarized PLZT unimorphs and bimorphs are derived. The present
formulations may be extended to other photostrictive materials
or degenerated to 0-1 polarized PLZT or PZT materials.
The derived constituent equations of 0-3 polarized PLZT unim-
orphs and heterogeneous bimorphs clearly show relationships
amongst input and output physical quantities and thus they can
be deemed as black-boxes in practical applications without consid-
ering the complex mechanism and energy transformation. The
present constituent equations of 0-3 polarized PLZT unimorphs
and heterogeneous bimorphs are numerically veriﬁed by compar-
ing with results available in the literature.Acknowledgments
The authors are grateful for the support of Australian Research
Council via Discovery-Projects grants (DP0774596).Appendix A. The total thermodynamic potential of 0-3 polarized
PLZT unimorphs
The total thermodynamic potential of a 0-3 polarized PLZT
unimorph is calculated as:
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When T(z) = To (heat conductor), Eq. (A1) becomes:
U ¼ L
2c11
N2
t
þ 1
J
 
M2 þ F
2L2
3
þ q
2L4
20
þMFLþMqL
2
3
þ FqL
3
4
 !" #
 v33E
2
30L
2
Pu1  e31E3oLc11
NPu2
t
þ Pu3
J
 
M þ FL
2
þ qL
2
6
 !" #
 apT
2
oLt
2
 p3LToE3oPu2 
k11ToNL
c11
ðA2Þ
In Eqs. (A1) and (A2), Pui (i = 1,2,3,4) and Pui (i = 1,2) are shown in
Eq. (16). By substituting Eqs. (A1) and (A2) into (14), respectively,
Eqs. (15) and (17) are obtained.Appendix B. The total thermodynamic potential of 0-3 polarized
PLZT heterogeneous bimorphs
The total thermodynamic potential of a 0-3 polarized PLZT het-
erogeneous bimorph can be calculated by using Eqs. (1), (4), (11),
(17) and (18), which is given by:U ¼ 1
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When the PLZT material is treated as a heat conductor, one has:
U ¼ 1
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In Eqs. (B1) and (B2), Pbi (i = 1,2,3,4) and Pbi (i = 1,2) are given in Eq.
(23). Eqs. (20) and (21) are derived by substituting Eqs. (B1) and
(B2) into (14), respectively. In Eqs. (B1) and (B2), A11, D11 and B11
are calculated as follows.
2016 Q. Luo, L. Tong / International Journal of Solids and Structures 47 (2010) 2006–2016In the material coordinate system, the laminar material proper-
ties of the ﬁber reinforce composite are deﬁned by Young’s moduli
EL and ET for longitudinal and transverse direction, Poisson’s ratio
mLT and shear moduli GLT. Elements of the elastic matrix are:
Q11 ¼ EL=ð1 mLTmTLÞ; Q12 ¼ mLTET=ð1 mLTmTLÞ;
Q22 ¼ ET=ð1 mLTmTLÞ; Q66 ¼ GLT ðB3Þ
The elastic constant of axial direction in the Cartesian coordinate
system is:
Q11 ¼ Q11m4 þ 2ðQ12 þ 2Q66Þm2n2 þ Q22n4
where m ¼ cos h; n ¼ sin h ðB4Þ
In which h is the angle of the material and Cartesian coordinate sys-
tems. A11, D11 and B11 are given by:
A11 ¼
XN
k¼1
ðQ11Þkðzk  zk1Þ; B11 ¼
1
2
XN
k¼1
ðQ11Þkðz2k  z2k1Þ;
D11 ¼ 13
XN
k¼1
ðQ11Þkðz3k  z3k1Þ ðB5Þ
where subscript denotes the kth layer of the laminate and z is the
transverse coordinate.
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